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Abstract 

This paper reports a measurement of the W+b-jets production cross-section in proton-proton colli- 
sions at a centre-of-mass energy of 7 TeV at the LHC. These results are based on data corresponding 
to an integrated luminosity of 4.6 fb^^ collected with the ATLAS detector. Cross-sections are pre- 
sented as a function of jet multiplicity and of the transverse momentum of the leading 6-jet for both 
the muon and electron decay modes of the W boson. The T^-i-5-jets cross-section, corrected for all 
known detector effects, is quoted in a limited kinematic range, using jets reconstructed with the anti-A;* 
clustering algorithm with transverse momentum above 25 GeV and rapidity within ±2.1. Combining the 
muon and electron channels, the fiducial cross-section for W+b-jets is measured to be 7.1 ± 0.5 (stat) 
± 1 .4 (syst) pb, consistent with next-to-leading order QCD calculations within 1 .5 standard deviations. 



Prepared for submission to JHEP 



Measurement of the cross-section for W boson 
production in association with 6-jets in pp collisions 
at ^/s = 7 TeV with the ATLAS detector 



ATLAS Collaboration 



Abstract: This paper reports a measurement of the VF+6-jets production cross-section 
in proton-proton coUisions at a centre-of-mass energy of 7 TeV at the LHC. These results 
are based on data corresponding to an integrated luminosity of 4.6 fb~^, collected with 
the ATLAS detector. Cross-sections are presented as a function of jet multiplicity and of 
the transverse momentum of the leading 6-jet for both the muon and electron decay modes 
of the W boson. The W+b-jets cross-section, corrected for all known detector effects, is 
quoted in a limited kinematic range, using jets reconstructed with the anti-kt clustering 
algorithm with transverse momentum above 25 GeV and rapidity within ±2.1. Combining 
the muon and electron channels, the fiducial cross-section for W+b-jets is measured to be 
7.1 lb 0.5 (stat) lb 1.4 (syst) pb, consistent with next-to-leading order QCD calculations 
within 1.5 standard deviations. 
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1 Introduction 

This paper reports a measurement of the cross-section for W boson production in associa- 
tion with 6-quark jets in proton-proton (pp) colUsions at — 7 TeV. The measurement, 
performed differentially in the 6-jet transverse momentum (px) for the 1-jet and 2-jet final 
states, provides an important test of perturbative quantum chromodynamics (QCD) in the 
presence of heavy quarks. 

Next-to-leading-order (NLO) perturbative QCD calculations of the W+b-jets process 
have recently become available in Monte Carlo (MC) simulations, both at the parton level [1] 
and enhanced with parton shower models [2, 3]. Several processes contribute to W+b-jets 
production at NLO. In the four-flavour number scheme (4FNS), where only u, d, c, s 
are considered as initial-state quarks, these are qq — )• Wbb{g) and gq — )• Wbbq. When 
considering the presence of 6-quarks in the initial state (5FNS), the single 6-quark processes 
bq — >• Wbq{g) and bg — )• Wbqq also play a significant role at LHC energies [4, 5]. In addition, 
double-parton interactions (DPI), in which a W boson and 6-jets are produced from different 
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parton-parton interactions within the same pp colhsion, are also expected to contribute to 
the total observed W+b-jets cross-section [6]. 

The production of W+b-jeis events via top-quark decay (from single or pair-produced 
top-quarks) is not included in the signal definition for the primary measurement. An 
additional set of measurements is performed including the contribution from single top- 
quark production. These are of particular relevance for the differential cross-section, since 
single top-quark and I^+6-jets events are difficult to separate and their relative contribution 
depends strongly on the 6-jet transverse momentum. 

The T^+6-jets process is an important background to the Higgs boson associated- 
production process WH with H ^ bb decays [7]. The associated-production measurements 
are a substantial ingredient in determining the coupling of the Higgs boson to fermions, 
through the decay H — )• bb, and searches in this channel have been included in studies 
of the Higgs-like boson [8]. The W+b-jets process is also an irreducible background in 
some searches for physics beyond the Standard Model [9], and in measurements of single 
top-quark properties [10], due to the dominating branching fraction of the t — )• Wb decay. 

Measurements of the W+b-jets fiducial cross-section in proton-antiproton collisions 
at ^/s = 1.96 TeV have been reported by the CDF Collaboration [11] and more recently 
also by the DO Collaboration [12]. The ATLAS Collaboration reported a previous mea- 
surement based on 36 pb~^ of data collected in pp collisions at ^/s = 7 TeV [13]. The 
CDF measurement of 2.74 it 0.27 (stat) it 0.42 (syst) pb, and the ATLAS measurement 
of 10.2 lb 1.9 (stat) lb 2.6 (syst) pb are both found to be larger than the corresponding 
theoretical cross-sections calculated at NLO (1.22 ib 0.14 pb and 4.8 ib 1.3 pb) by 2.8 and 
1.5 standard deviations, respectively. The DO measurement of 1.05 ±0.12 pb is found to be 
lower than the theoretical prediction of 1.34j^Q 3^ pb [1], but in agreement within theoretical 
uncertainties. 

In this paper, the W+b-jets cross-section is measured using the ATLAS detector-*^ in 
a restricted fiducial region defined at the particle level and given in table 1. For the first 
time, and in the same region, the VF+6-jets differential cross-section is also measured as 
a function of the 6-jet pT- To enter the fiducial region, events at the generator level are 
required to contain an electron or muon and a neutrino originating from a W boson decay, 
and one or two hadron-level jets^. At least one of the jets is required to be a 6-jet, defined 
by the presence of a weakly decaying 6-hadron with > 5 GeV and within AR = 0.3 of 
the jet axis. 

At the reconstruction level, events are required to be consistent with the decay of a 
W boson to the ii^ {(. = fj,, e) final state, and to contain either one or two jets. Events are 
selected if exactly one jet, which can be a 6-jet, but also a mis-tagged c-jet or a light-jet, 

^The ATLAS experiment uses a right-handed coordinate system with its origin at the nominal interaction 
point (IP) in the centre of the detector and the z-axis along the beam pipe. The i-axis points from the 
IP to the centre of the LHC ring, and the j/-axis points upward. Cylindrical coordinates (r, </>) are used in 
the transverse plane, <j) being the azimuthal angle around the beam pipe. The pseudorapidity is defined in 
terms of the polar angle 9 as rj — — lntan(6/2) and the rapidity is defined as y — ln[{E + p^)/{E — p^)]/2. 
The distance A_R in ry-^ space is defined as Ai? = (A?^)^ + (Ac^)^. 

^Hadron-level jets are built from stable particles, i.e. those with a proper lifetime longer than 10 ps. 
This definition includes muons and neutrinos from decaying hadrons. 
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Table 1. Definition of the phase space for the fiducial region. The W transverse mass is defined 
as tot(W^) = J2p{p!^{l - cos{(f>^ - tj)")). 



Requirement 


Cut 


Lepton transverse momentum 


> 25 GeV 


Lepton pseudorapidity 


|r?^| < 2.5 


Neutrino transverse momentum 


> 25 GeV 


W transverse mass 


mT{W)> 60 GeV 


Jet transverse momentum 


> 25 GeV 


Jet rapidity 


ly^'l <2.1 


Jet multiplicity 


n<2 


6-jet multiplicity 


rih = 1 or riiy = 2 


Jet-lepton separation 


AR{£,iet) > 0.5 



passes the 6-tagging requirements. Events with two or more 6-tagged jets are rejected, as 
are events with three or more jets, to reduce the top-quark background. Given the fiducial 
region definition and the reconstruction-level selection, the measurement is performed using 
reconstructed events containing a single 6-tagged jet, and unfolded to the fiducial region 
with one or more 6-jets. The measurement is performed separately in the W ^ and 
W ^ ev decay channels and in the exclusive 1-jet and 2-jet final states. 

2 The ATLAS detector 

The ATLAS detector [14] is a multi-purpose particle physics detector operating at one of 
the interaction points of the LHC. It consists of an inner detector tracking system (ID) 
within a 2 T axial magnetic field provided by a superconducting solenoid, surrounded by 
electromagnetic and hadronic calorimeters, and by a muon spectrometer (MS) embedded 
in the magnetic field provided by three air-core superconducting toroidal magnets. 

The ID consists of pixel and silicon microstrip detectors surrounded by a transition 
radiation tracker, and it provides measurements of charged-particle tracks within \r]\ < 2.5. 
The calorimeters provide three-dimensional reconstruction of particle showers in the region 
of \r]\ < 4.9, with a finely segmented inner layer used for electron identification in \rj\ < 
2.5. They are based on liquid-argon (LAr) sampling technologies, except for the barrel 
region (|r/| < 1.7) of the hadronic calorimeter where scintillator tiles are used as the active 
media. The MS consists of three layers of high-precision tracking chambers (monitored drift- 
tubes and cathode strips) in the region \r]\ < 2.7, and resistive-plate or thin-gap chambers 
providing trigger signals in the region |r/| < 2.4. 

3 Simulated event samples 

Monte Carlo simulated samples are used to model the reconstructed W+b-jet signal and 
most of its background contributions, as well as to extract a fiducial cross-section from the 
measured W+b-jet yield. 
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The processes of W boson production in association with 6-jets, c-jets and hght-jets are 
simulated separately using the Alpgen 2.13 [15] generator, interfaced to Herwig 6.510 [16] 
for parton showers and hadronization, and JiMMY 4.31 [17] for the underlying-event simu- 
lation. Exclusive samples with zero to four additional partons and an inclusive sample with 
five or more additional partons are used. The MLM [18] matching scheme, as implemented 
in Alpgen, is used to remove overlaps between samples with the same parton multiplicity 
originating from the matrix element (ME) and the parton shower (PS). In addition, over- 
lap between samples with heavy-flavour quarks originating from the ME and from the PS 
is removed. Large samples of dijet events simulated using Pythia 6.423 [19] are used to 
model the light and heavy-flavour jet properties relevant to the fe-jet identification in the 
T^+jets sample. 

The Z+jets background is simulated with Alpgen interfaced to Herwig and JiMMY, 
using the same configuration as for VF+jets. The diboson {WW, WZ, ZZ) background 
is simulated with Herwig. The t-channel, s-channel and VFt-channel single-top processes 
are simulated with AcerMC 3.7 [20] interfaced to Pythia. The ti background is simulated 
with POWHEG [2] interfaced to PYTHIA. 

The total cross-sections of the VK+jets and Z+jets samples are normalized to the 
inclusive NNLO predictions [21], while other backgrounds are normalized to NLO predic- 
tions [22-24]. The contribution in the 1-jet and 2-jet analysis regions, and the single-top 
contribution in the 2-jet analysis region, are estimated from data. 

For all the processes modelled, multiple interactions per bunch crossing (pile-up) are ac- 
counted for by overlaying minimum-bias events simulated with PYTHIA onto the generated 
hard process. The detector simulation [25] is based on the Geant4 program [26]. 

4 Data sample and event selection 

The analysis considers data recorded in the year 2011 during periods with stable pp collisions 
at y/s = 7 TeV, and where all relevant parts of the detector were operating normally. The 
resulting data set corresponds to 4.6 fb~^ of integrated luminosity, with an uncertainty of 
3.9% [27, 28]. Events were collected using single-muon or single-electron triggers. The 
threshold of the muon trigger was 18 GeV, while the transverse energy (-Bt) threshold used 
for the electron trigger was initially 20 GeV and was later raised to 22 GeV to cope with 
the increasing LHG instantaneous luminosity. 

Candidate W+b-jeis events are required to have exactly one high-pT electron or muon, 
as well as missing transverse momentum (E^^^^) consistent with a neutrino from a W boson, 
and one or two reconstructed jets, exactly one of which must be 6-tagged. All events must 
have at least one reconstructed vertex formed by the intersection of at least three tracks 
with pt > 400 MeV. In events with multiple vertices, the vertex with the largest sum of 
squared px of the associated tracks is taken to be the primary hard-scatter vertex (PV). 

Requiring events to have exactly one 6-tagged jet significantly reduces the top-quark 
background contribution in the 2-jet analysis region. W+b-jets events with a second 6-jet 
satisfying the fiducial selection represent 10% of the 2-jet fiducial region. Most of these 
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events have a single 6-tagged jet, and they are included in the 2-jet region at the recon- 
struction level. 

Electron candidates are formed by matching clusters found in the electromagnetic 
calorimeter to tracks reconstructed in the ID in the region of |r/| < 2.47 and are required 
to have Eic > 25 GeV. To ensure good containment of electromagnetic showers in the 
calorimeter, the transition region 1.37 < \r}\ < 1.52 between the barrel and the endcaps is 
excluded. The lateral and transverse shapes of the clusters must be consistent with those 
of an electromagnetic shower [29]. Muon candidates, reconstructed by combining tracks 
reconstructed in the ID and the MS, are selected in the region < 2.4, and are required 
to have > 25 GeV. Both the electron and the muon pi requirements are chosen to 
be on the efficiency plateau for the respective triggers. The selection efficiency of electrons 
and muons in simulated events, as well as their energy and momentum scale and resolution, 
are adjusted to reproduce those observed in Z ^ M events in data [29-31]. 

In order to reduce the large background from multijet production, lepton candidates 
are required to be isolated from neighbouring tracks within AR = 0.4 of their direction, 
as well as from other calorimeter energy depositions, corrected for pile-up contributions, 
within AR = 0.2. In the muon case, the sum of transverse momenta of neighbouring tracks 
must be less than 2 GeV, while the sum of the calorimeter transverse energies must be less 
than 1 GeV. In the electron case, these requirements range between 1.35 GeV and 3.15 GeV 
depending on and r] in order to yield a constant efficiency across momentum ranges and 
detector regions. Additionally, leptons are required to be consistent with originating from 
the PV. Their longitudinal impact parameter (l^^ol) with respect to the PV must be smaller 
than 10 mm, and the ratio of the transverse impact parameter do to its uncertainty (do 
significance) must be smaller than 3 for muons, and 10 for electrons. 

Jets are reconstructed from calorimeter energy topological clusters (topoclusters) [32] 
using the anti-kt algorithm [33] with a radius parameter R = 0.4. They are required 
to have a transverse momentum greater than 25 GeV, and a rapidity \y\ < 2.1 in order 
for the entire jet to be reconstructed within the tracking region. Jets originating in pile-up 
interactions are suppressed by requiring that at least 75% of the total transverse momentum 
of tracks associated with each jet point to the PV. Jets within a distance AR = 0.5 of the 
lepton candidate are removed, and jets arising from detector noise or cosmic rays are also 
rejected [34]. 

The jet energy is calibrated to account for the different response of the calorimeters 
to electrons and hadrons, for energy losses in un-instrumented regions, and for the energy 
offset introduced by pile- up, by applying jet calibration factors dependent on ^ [35-37], 
and pile- up conditions [38] . A residual calibration derived from in-situ techniques is applied 
to the data to reduce differences between data and Monte Carlo simulation [39, 40]. 

Jets originating from 6-quarks are identified using the combination of two 6-tagging 
algorithms. The first one exploits the topology of weak b- and c-hadron decays inside the 
jet to reconstruct their decay vertices along a common line originating from the PV. The 
second one uses the impact parameter significance of each track within the jet to determine 
the likelihood that the jet originates from a 6-quark. The properties measured by these two 
taggers are combined using an artificial neural network to determine a single discriminant 
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variable (CombNN) [41]. 

The CombNN variable is used both to select a sample enriched with 6-jets, as well 
as to discriminate between 5-jets, c-jets and light-jets within the enriched sample. The 
working point used for the selection (CombNN > 2.2) corresponds to a 6-tagging efficiency 
of about 40% at low p^, increasing to a plateau of 57% for 6-jets of above 60 GeV, 
with rejection rates of about 10 for c-jets and 1000 for light-jets. In order to reproduce 
the 6-jet, c-jet and light-jet tagging efficiencies measured in data [42-44], event weights in 
Monte Carlo simulation are scaled as a function of the number of tagged and untagged jets 
of each flavour and the corresponding and rj. The CombNN distribution in the 6-tagged 
sample is then used to separate statistically the remaining c-jet and light-jet contributions 
from the W+b-jets signal. 

The measurement of E^^^^ in each event is based on an algorithm [45] which performs 
the vector sum of transverse energies of high-px objects such as electrons, muons and 
jets, and of individually calibrated [46] topological energy clusters [32] not associated with 
any physics objects. To be consistent with a W boson decay, and to reduce the multijet 
background, the E^^^^ is required to be larger than 25 GeV, and the W boson transverse 



5 Signal and background estimation 

Several processes contribute to the overall background for the W+b-jeis signal, accounting 
for more than 85% of the selected sample. Some of the backgrounds, such as single-top, ti 
and multijet, are characterized by rather different kinematics from 1^+6-jets, but they have 
real 6-jets in their final state and show similar 5-tagging response. Others, T^+c-jets and 

light- jets, have kinematic properties similar to the signal, but they can be statistically 
separated by studying the characteristics of 6-tagged jets. The remaining backgrounds, 
diboson (WW and WZ) and Z+jets, contribute less than 5% of the selected sample. 

In most cases, backgrounds are estimated directly from data in order to reduce the 
theoretical uncertainties on their normalization. A sequence of binned maximum likelihood 
(ML) fits is performed, in which a distribution measured in data is described by a linear 
combination of templates representing each contributing process. In each fit, the normaliza- 
tion of the process of interest is allowed to float freely, while some processes are constrained 
by Gaussian terms in the likelihood^. For a constrained process, the mean of the corre- 
sponding Gaussian constraint is fixed to the expected number of events, while the width is 
fixed to the associated uncertainty. This uncertainty is derived either from the results of 
a previous ML fit or from theoretical uncertainties, depending on the process considered. 
Pseudo-experiments are used to validate the behaviour and properties of each fit. 

The single-top, it and multijet contributions are estimated either in background-enriched 
control regions or using kinematic distributions directly in the signal regions. The 1^+6-jets, 
W^+c-jets and M/^+light-jets contributions are then statistically separated, and the number 

^Using log-normal terms to ensure positive normalization yields consistent results with those obtained 
using Gaussian terms. 





2p^p]^{l — cos{(j)^ — (j)^)) is required to be larger than 60 GeV. 
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of W+b-jets events is extracted, by fitting the CombNN weight distribution of 6-tagged jets 
observed in data in each analysis region. Example templates for the muon 1-jet sample are 
shown in figure 1. 




Figure 1. Overlay of the W+b-^ets, W^+c-jets and M^+light-jets CombNN distributions in MC 
simulation for 5-tagged (CombNN > 2.2) jets in the muon 1-jet analysis region. 



5.1 Multijet background 

Multijet events from QCD production processes in which one of the jets is either identified as 
a lepton, or contains a real lepton originating from a heavy-quark decay, can occasionally 
enter the selected sample. Specific criteria are used to reduce this contamination, such 
as the lepton identification, isolation and impact parameter, and the E^^^^ and rriTiW) 
requirements mentioned in section 4. To estimate the remaining multijet contribution, 
complementary data samples highly enriched in multijet events are created by requiring 
that some of these criteria are not fulfilled. The normalization of these samples is then 
obtained by fitting the E^^^^ or mT{W) distributions in data. 

Specifically, the multijet background shape for each distribution is obtained in the 
muon channel by inverting the tracking isolation requirement, and in the electron channel 
by inverting part of the identification selection and waiving the calorimeter isolation re- 
quirement. The selection used to form the multijet template from data was studied using 
dijet Monte Carlo simulations to minimize kinematic biases with respect to the standard 
signal selection, while maintaining the large number of events required to obtain smooth 
templates. 

The normalization of the multijet template is then assessed, in each analysis region, 
by performing a fit to the E'™'^'^ distribution in data after relaxing the mT'{W) requirement 
from 60 GeV to 40 GeV, and removing the E^^'^'^ > 25 GeV requirement. The templates 
used in this fit for the W/Z+iets, ti, single-top and diboson processes are based on Monte 
Carlo simulation. The multijet and the PF+jets template normalizations are free parameters 
of the fit to the E^^^^ distribution, while those of the other components are fixed to their 
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expected cross-sections. The E!^^^^ distributions, normalized to the results of the fit, are 
presented in figure 2 for the 1- and 2-jet regions in the muon and electron channels. 
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Figure 2. E^^^^ distributions in data and MC simulation in the 1-jet (top) and 2-jet (bottom) 
analysis regions, in the muon (left) and electron (right) channels. MC samples are normalized to 
the results of the multijet background fit. To enhance the multijet contribution in the fitted region, 
the mT{W) selection is loosened from 60 GeV to 40 GeV. 



An uncertainty of 50%, applied as a Gaussian constraint in subsequent ML fits, is 
assigned to the multijet normalization by comparing the E^^^^ fit results in each analysis 
region with the results obtained by fitting the alternative distributions of mT(W) and lepton 
Pt- In the 4-jet region used to estimate the tt background, this uncertainty is estimated 
to be 100%. In the differential measurement, the multijet background normalization is 
extrapolated from the inclusive estimates, and the same 50% uncertainty is applied as an 
independent Gaussian constraint in each p^^'^^ bin. 

5.2 tt background 

The background is estimated in data by selecting events with at least four jets and exactly 
one 6-tag. A binned ML fit to the CombNN distribution is performed in this control region 
to extract the ti yield. The ti Monte Carlo simulation is then used to extrapolate the 
measured yield into the 1- and 2-jet analysis regions. 

In this fit, the sum of the W+b-jets, W+c-jets and W^+light-jets MC templates is 
normalized to the NNLO W inclusive cross-section. Their relative contributions are taken 
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from the Alpgen Monte Carlo prediction and a Gaussian normalization uncertainty con- 
straint of 100% is applied to each. Similarly, the single-top template is assigned a 50% 
constraint that reflects the maximum uncertainty on the single-top normalization discussed 
in section 5.3. The multijet background is estimated using the technique described in the 
previous section and assigned a normalization uncertainty constraint of 100%, based on the 
fits to the alternative distributions. The Z+jets contribution is assigned a 10% normal- 
ization uncertainty constraint based on theoretical calculations and previous measurements 
[47, 48]. Finally, the diboson contribution is assigned a 10% normalization uncertainty 
constraint, which is twice the uncertainty of the corresponding NLO predictions [49, 50]. 

The correction factors to the tt Monte Carlo normalization estimated by the fit in the 
"at least 4 jets 1-6-tag" region are 1.09 it 0.06 for the muon channel and 1.08 it 0.07 for the 
electron channel. These factors are in good agreement with those resulting from alternative 
fits to the "3-jet 1-6-tag" region, and with those resulting from a fit of the number-of-jets 
distribution in the "at least 1 jet 1-6-tag" and the "at least 4 jets 1-6-tag" regions. The 
fit projections corresponding to the CombNN distribution in the "at least 4 jets 1-6-tag" 
region and to the number-of-jets distribution in the "at least 1 jet 1-6-tag" are shown in 
figure 3. As a result, a 10% tt normalization uncertainty is applied as a Gaussian constraint 
in subsequent fits. 

5.3 Single-top background 

Single-top events containing a W boson and at least one 6-jet are, like tt events, an ir- 
reducible background for the 14^+6-jets signal. In the 2-jet region, where the single-top 
and M^+6-jets contributions are comparable, kinematic observables are used to estimate 
the single-top normalization in data. The invariant mass of the combined W boson and 
6-tagged jet system is computed for each event^, and the resulting m{Wb) distribution, 
where single-top appears as a relatively narrow peak, is fitted. Example templates for the 
muon 2-jet sample are shown in figure 4. 

The VK+jets and single-top template normalizations are free parameters of the fit. 
Gaussian constraints are applied to the multijet, ti, Z+jets, and diboson backgrounds as 
described above. The single-top correction factors estimated by the fit in the electron 
and muon channel are, respectively, 1.13 zb 0.15 and 1.09 zb 0.13, and the corresponding fit 
projections are shown in figure 5. 

These estimates of the single-top background contribution are verified with a fit to the 
Ht = Pt^ + E^^^^+ p!^ ' distribution, where single-top events are expected, on average, to 

i=l 

be harder than I^+jets events. The corresponding single-top correction factors (1.1 7 it 0.1 7 
and 1.12 it 0.11 for the electron and muon channels, respectively) are consistent with those 
obtained from the m{Wb) fit. The m(T4^6)-derived factors are therefore used to scale the 
AcerMC single-top prediction in the 2-jet region, and a 20% uncertainty is assigned to its 
normalization and applied as a Gaussian constraint in subsequent ML fits. 

^The pz of the neutrino is computed by setting the W mass equal to the world average value of 
80.399 GeV [51]. In case of complex solutions, only the real part is considered. 
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Figure 3. CombNN distributions for the ^-tagged (CombNN > 2.2) jet in the "at least 4 jets 
l-&-tag" control region (top) and number-of-jets distributions in the "at least 1 jet 1-6-tag" region 
(bottom) in data and MC simulation. The muon (electron) channel is shown on the left (right). 
MC samples are normalized to the results of the respective ML fits. 




Figure 4. Overlay of the VF+jets, tt and single-top m{Wb) distributions in MC simulation in the 
muon 2-jet analysis region. 



In the 1-jet region, where the expected single-top contribution is approximately half 
the size of the expected W+b-jeis signal, the AcerMC prediction is used, and a large nor- 
malization uncertainty (50%) is assigned. This uncertainty reflects the difference observed 
in the single-top contribution estimated by the fit to the m{Wb) distribution and the fit to 
the Ht^ distribution in this analysis region. 




Figure 5. Distributions of m{Wb) in the 2-jet region in data and MC simulation for the muon 
(left) and electron (right) channels. The MC samples are normalized to the results of the respective 
ML fits. 



5.4 W+jets backgrounds and signal 

The different response of 6-jets, c-jets, and light-jets to the CombNN 6-tagging algorithm is 
used to separate statistically the W+b-jets component from the Vl^+c-jets and T^+light-jets 
ones in each analysis region. The W+b-jets, Vl^+c-jets and VF+light-jets normalizations are 
free parameters of the fit, while Gaussian constraints are applied to all other processes. In 
addition to the uncertainties discussed above for the multijet, tt and single-top backgrounds, 
10% Gaussian constraints are assigned to the diboson and Z+jets backgrounds as discussed 
previously. 

The CombNN templates for the multijet component are extracted from data, while 
those from the other non-H^ processes are extracted from the respective MC samples. For 
W+b-jeis, W+c-jeis and W^+light-jets, the corresponding templates are prepared in each 
analysis region using large PYTHIA-generated samples. 

The CombNN distributions normalized to the fit results are shown in figure 6, and the 
number of W+b-jets and background events estimated by the fits, along with their statistical 
uncertainties, are summarized in table 2. Table 3 shows the correction factors estimated 
by the fit to the data compared to the prediction for each process. While the electron 
and the muon sample backgrounds are treated as completely uncorrelated, the estimated 
background levels are found to be in good agreement across the channels. The behavior 
observed in the Z+jets background prediction in table 2, when comparing the electron and 
muon channels in the 1-jet and 2-jet regions, is due to the different properties of Z — )• ee 
and Z — >■ events in which one lepton is not reconstructed. In particular, Z — )• ee events 
tend to have a higher number of jets (from the missing electron), while Z — )• ^fi events 
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tend to have higher E^^^^ (from the missing muon). The Vl^+hght-jets estimate does not 
strongly affect the measured P^+6-jets cross-section, as the W+hght-jets and Ty+6-jets 
estimators have a 15% correlation. Instead, the Ty+light-jets and M^+c-jets estimators 
are 90% anticorrelated, and a modest change in the dominant PF+c-jets contribution can 
change the PV^+light-jets estimate significantly. 

In the differential p^^*^^ measurement, a separate fit to the CombNN distribution is 
performed in each analysis region in four intervals of 6-tagged jet pT. 25-30 GeV, 30- 
40 GeV, 40-60 GeV and 60-140 GeV. The background contributions are extrapolated to 
each pt interval from the inclusive measurements, and the same Gaussian constraints as 
those of the inclusive fits are used. For the multijet background, this extrapolation is based 
on the 6-tagged jet spectrum found in the multijet templates extracted from data. For 
all other backgrounds, the extrapolation is based on Monte Carlo simulation. 





Figure 6. CombNN distributions for the 6-tagged jet in data and MC simulation, where the MC 
samples are normalized to the results of the ML fit, for the 1-jet (top) and 2-jet (bottom) analysis 
regions, in the muon (left) and electron (right) channels. 



6 Cross-section extraction 

The 1^+6-jets yields obtained from the CombNN fits are converted to a fiducial cross-section 
for W+b-jets times the branching ratio for each W ^ iu decay channel (£ = e, fi) using 
Monte Carlo simulation. The unfolding procedure is defined with respect to the fiducial 
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Process 


H 1-jet 


e 1-jet 


fj, 2- jet 


e 2-jet 


t^+6-jets 


5300 ± 400 


4800 ± 400 


3000 ± 260 


2220 ± 250 


T^+c-jets 


15600 ± 600 


13300 ± 500 


4600 ± 400 


4000 ± 400 


VF+light-jets 


1600 ± 500 


500 ± 500 


1170 ± 330 


490 ± 320 


ti 


1230 ± 120 


1100 ± 110 


4300 ± 400 


3690 ± 350 


Single-top 


1700 ± 500 


1400 ± 500 


2300 ± 400 


1810 ± 350 


Diboson 


181 ± 18 


139 ± 14 


185 ± 18 


155 ± 15 


Z+jets 


770 ± 70 


258 ± 26 


397 ± 40 


365 ± 37 


Multijet 


780 ± 330 


1000 ± 500 


210 ± 150 


1220 ± 290 



Table 2. Estimated event yields for the eight contributions to the four analysis regions, including 
the statistical uncertainty from the binned ML fit. 



Process 


/i 1-jet 


e 1-jet 


/i 2-jet 


e 2-jet 


T^+6-jets 


1.68 ± 0.14 


1.98 ± 0.16 


1.14 ± 0.10 


1.16 ± 0.13 


W+c-jets 


1.22 ± 0.04 


1.30 ± 0.05 


1.04 ± 0.09 


1.10 ± 0.10 


W^+light-jets 


0.70 ± 0.22 


0.28 ± 0.25 


1.15 ± 0.33 


0.67 ± 0.44 


tt 


1.00 ± 0.10 


1.00 ± 0.10 


1.02 ± 0.10 


1.01 ± 0.10 


Single-top 


1.07 ± 0.34 


1.02 ± 0.36 


1.08 ± 0.19 


1.01 ± 0.19 


Diboson 


1.00 ± 0.10 


1.00 ± 0.10 


1.00 ± 0.10 


1.00 ± 0.10 


Z+jets 


1.00 ± 0.10 


1.00 ± 0.10 


1.00 ± 0.10 


1.00 ± 0.10 


Multijet 


1.12 ± 0.47 


0.80 ± 0.40 


0.67 ± 0.49 


1.79 ± 0.42 



Table 3. Correction factors estimated by the binned ML fit to the CombNN distribution for each 
process in the four analysis regions, including the statistical uncertainty. The multijet, tt and 2-jet 
single-top factors are given with respect to their estimate in data. The remaining factors are given 
with respect to the Monte Carlo expectations normalized to the NLO (single-top, diboson) and 
inclusive NNLO (T4^/Z+jets) cross-sections. 

region introduced in table 1. It accounts for trigger and object reconstruction efficiencies 
(including the 6-jet identification efficiency) after applying corrections for all known detector 
effects. The small contribution (less than 5%) from W ^ tv, where the r decays to an 
electron or a muon, is not included in the fiducial region. 

The Alpgen Monte Carlo simulation is used to produce correction factors to account 
for two effects: events passing the fiducial selection which fail the reconstructed-level selec- 
tion, and events which pass the reconstructed-level selection but originate from outside the 
fiducial region. These factors are applied to the inclusive 1^+6-jets yield in each analysis 
region to obtain a fiducial cross-section. 

The differential W+h-]els cross-section is also extracted, in the 1-jet and 2-jet regions, 
as a function of the transverse momentum of the leading 6-jet, p^''^*, using the same bins 
as the CombNN differential fits. The measured quantity is therefore dcTfiducial/dp^''^*. For 
this measurement, the correction factors mentioned above are produced in each p^^'^^ bin. 
Alpgen Monte Carlo events which pass both reconstruction and fiducial selections are 
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used to generate a response matrix to account for bin-to-bin migration effects between the 
reconstructed and generator-level distributions of p^^'^*. This response matrix is applied 
through an iterative Bayesian technique [52], in which the MC prediction is used as the 
initial prior, and three successive iterations are performed to remove the bias from the 
initial distribution. 

The stability of the unfolding procedure is tested by comparing the unfolded spectra 
after three iterations with those obtained using two and four iterations, yielding consistent 
results. The bias introduced by the choice of prior is tested by creating an alternative 
sample, and unfolding it using the nominal response matrix; after three iterations, the 
unfolded distribution is significantly different from the nominal initial prior, and reproduces 
correctly the alternative generated distribution. 

Different jet bins and lepton flavour channels are combined to yield more precise mea- 
surements of the W+b-jets cross-section. In order not to introduce new assumptions on the 
background normalizations, the Ty+6-jets yields are added after the CombNN fit, and their 
sum is unfolded using correction factors and response matrices obtained from Monte Carlo 
simulated events in the combined channels. This procedure is performed for each system- 
atic variation and, in order to take into account the correlation of systematic uncertainties, 
correlated uncertainties are varied simultaneously in the samples being combined. 

7 Systematic uncertainties 

Several sources of systematic uncertainties on the measured W+b-jets cross-section are 
considered. Each source may affect the background estimation in the control regions, the 
results of the CombNN fits, and the unfolding factors and response matrices. The strategy 
described here is used in all the jet multiplicity regions and 6-jet pT intervals. 

The effect of each systematic source on the estimated number of W+b-jets events is 
quantified using pseudo-experiments. For a given systematic variation, new sets of signal 
and background templates are prepared which may differ in both shape and normalization 
from the reference set used in the fit to data. The modified templates are used to gen- 
erate pseudo-data samples that are fitted using the reference templates. In these pseudo- 
experiments, the same background constraints as those used in the fit to data are applied. 
Finally, the quoted fractional systematic uncertainty associated with a given source is de- 
fined as the ratio {Nat — /^gcn) / /"gen, where iVfit is the mean of the estimator of the number 
of W+b-jets events and /Xgen is the number of W+b-jets events used in the pseudo-data 
generation for that particular systematic source. 

The full analysis procedure is repeated for each systematic variation: the multijet, tt 
and single-top contributions are estimated in the corresponding control sample or distribu- 
tion, and the CombNN distribution is fitted in the analysis regions after propagating the 
new background estimates. 

Systematic uncertainties in the unfolding process are accounted for by using each sys- 
tematically varied signal Monte Carlo sample to generate an alternative response matrix 
and set of unfolding factors. The difference in fiducial cross-section obtained when using 
the alternative Monte Carlo in place of the default one is quoted as the systematic un- 
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certainty in the measurement. For systematic uncertainties that are spht into an upwards 
and downwards variation, the unfolding is performed twice, and only the largest of the two 
resulting variations is taken as a symmetric uncertainty. 

Most of the systematic effects considered here influence both the fitting and unfold- 
ing steps. In these cases, the systematic effects are propagated coherently and for a given 
systematic source the corresponding estimated W+b-jets yields are unfolded using the cor- 
responding response matrix. 

Background normalizations (multijet, ti, single-top, diboson and Z+jets) are treated 
as nuisance parameters of the ML fit to the CombNN distribution. As such, background 
normalization uncertainties are accounted for in the uncertainty on the number of Ty+6-jets 
events estimated by the fit. In the unfolding, the statistical uncertainty of the fiducial cross- 
section is evaluated using pseudo-experiments based on the uncertainty on the number of 
W+b-jets events estimated by the fit. For reference, if the background normalizations 
are fixed and the corresponding nuisance parameters are removed, the uncertainty on the 
number of W+b-jets events decreases by almost a factor of two. 

The following effects are found to be non-negligible for the cross-section measurements: 

Jet energy scale and resolution. The uncertainty on the jet energy scale (JES) is 
derived from data and from Monte Carlo simulation [35-40], and varies between 3% and 
14% depending on the jet pi and pseudorapidity. This uncertainty includes effects arising 
from the dependence of the jet response on the pile-up. It also accounts for differences 
between the calorimeter responses to light-quark-, gluon-, and heavy-quark-initiated jets, 
and for additional low-momentum jets found within AR = 0.8 of each jet considered. 
Uncertainties related to the jet energy resolution (JER) are derived from the jet response 
asymmetry measured in dijet events in data [35, 37]. 

The effects of the JES and JER uncertainties are quantified using alternative signal 
and background Monte Carlo templates in which the jet energy is modified by iblo" or 
smeared, respectively. They represent the dominant sources of systematic uncertainties on 
the measured W+b-jets fiducial cross-sections and are found to be in the range 10-50%, 
depending on the jet multiplicity and interval considered. 

Initial-state and final-state radiation (ISR/FSR). Uncertainties on ISR and FSR 
affect the extrapolation of the tt contribution in the analysis regions, as well the single-top 
Monte Carlo expectation in the 1-jet region and the data-driven single-top estimate in 
the 2-jet region. These effects are evaluated using the AcerMC generator interfaced to 
Pythia, and by varying the parameters controlling ISR and FSR in a range consistent 
with experimental data [53]. Their effect on the final cross-section measurements depends 
strongly on the jet interval and varies between 2% and 30%. 

6-tagging efficiency calibration. The calibration of the 6-tagging efficiency is per- 
formed using control samples in data [42]. Uncertainties on these calibrations are estimated 
separately for light-jets, c-jets and 6-jets as a function of the p^ and rj of the jet [43, 44]. 
These uncertainties affect both the W+b-jets selection efficiency and the shape of the 
CombNN templates. The corresponding impact on the measured cross- section is estimated 
independently for 6-jets, c-jets and light-jets to be in the range 1-8%. 
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Monte Carlo modelling. The uncertainty related to tlie Alpgen M^+^-jets fiducial 
acceptance modelling is estimated using alternative W+b-jets samples, generated using dif- 
ferent settings. Specifically, the functional form of the factorization scale is varied; the set of 
parton distribution functions (PDF) is changed from CTEQ6L1 [54] to MRST2002LO [55]; 
the renormalization and factorization scales are halved and doubled; finally, the minimum 
jet used in the MLM matching is decreased (increased) to 15 (25) GeV, from the reference 
value of 20 GeV. 

Because of the mild dependence of the CombNN template shape on the jet pT, an 
additional systematic uncertainty due to the c-jets and 6-jets modelling is quoted. This 
uncertainty is estimated using the full Herwig parton shower sample of c-jets and 6-jets in 
place of the Alpgen matrix element ones. The full Herwig parton shower c-jets and 6-jets 
spectra are found to be softer than the corresponding spectra produced by the Alpgen 
matrix element and the difference between the two is larger than any differences observed 
with the alternative Alpgen samples mentioned above. 

The systematic uncertainties on the measured cross-section related to the Monte Carlo 
modelling are in the range 2-8%. 

Topological cluster energy scale and pile-up modelling. These account for the 
contribution to the E!f^^^ uncertainty due to uncertainties on the energy measurement of 
low-momentum jets and calorimeter cells that are not associated with electrons, muons or 
jets, as well as the uncertainty on the modelling of pile-up [56]. Their effect is estimated to 
be in the range 2-6%. 

CombNN weight templates shape. Uncertainties on the CombNN shape of 6-jets, 
c-jets and light-jets are quantified independently. These uncertainties affect the measured 
cross-section by changing the results of the CombNN fits, but they do not affect the un- 
folding process. 

The systematic uncertainty associated with the 6-jet CombNN shape is estimated using 
data. Events with at least four jets, two of which must be 6-tagged, are selected. These 
events form a sample of ti candidates whose leading jet is a real 6-jet approximately 95% 
of the time, as estimated in Monte Carlo simulation. This clean sample of b-jet candidates 
is used to compute the ratio of the corresponding CombNN distribution in data to that in 
MC simulation. This ratio is applied to all the 6-jet templates used in the CombNN fit and 
the new set of templates is used to assess the corresponding systematic uncertainty. 

The systematic uncertainty associated with the c-jet CombNN shape is estimated by 
preparing alternative CombNN templates for c-jets. Both the c-jet and 5-jet CombNN 
shapes are sensitive to the description of the 6-hadron and c-hadron branching ratios and 
in particular to the number of charged particles produced in their decay vertices. While it 
is possible to define a clean and almost unbiassed control sample of 6-jets in the data to 
check any possible discrepancy with the Monte Carlo simulation, the same is not feasible for 
c-jets. The alternative c-jet templates are then obtained by varying artificially the relative 
contribution of events with different track multiplicity associated with secondary vertices. 
Variations of 10% are considered in each track multiplicity bin, consistent with the relevant 
uncertainties in the c-hadron branching ratios. 

Finally, a light-jet shape extracted from Herwig is used in place of the one obtained 
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from Pythia to assess the systematic uncertainties on the hght-jet CombNN shape. The 
effects of the variations of 6-jet and c-jet CombNN shapes on the final cross-section measure- 
ments range between 2% and 8%, while the effect of the light-jet CombNN shape variation 
is negligible. 

Multijet background CombNN shape. The systematic uncertainty on the multijet 
template shape is assessed using a control region defined by E^^^^ < 25 GeV and mT^(W)< 
40 GeV. Any mismodelling observed in this region is transported to the signal region and 
used to generate alternative multijet shapes, both in the electron and muon samples. The 
corresponding effect on the measured cross-section is larger in the electron sample where it 
is in the range 1-10% depending on the jet multiplicity and interval considered. 

Others. Uncertainties related to the lepton trigger and reconstruction efficiencies 
are evaluated using tag-and-probe measurements in Z — )• /i/x and Z — )• ee events [29, 31]. 
Similarly, the Z-mass peak is used to determine the lepton momentum scales and resolutions 
and the corresponding uncertainties [29, 30]. The effect of these sources of uncertainties on 
the Ty+6-jets cross-section is between 1% and 2%. A 3.9% uncertainty on the integrated 
luminosity is also included [28]. 



8 Results 



The unfolded result for the fiducial W+b-jets cross-section is presented in figure 7, while 
the measured differential da/dp^^^^ distributions are shown in figure 8. The numerical 
values corresponding to the combination of the electron and muon channels are shown in 
tables 4-6, where details of the systematic uncertainties and correlation matrices for the 
statistical and systematic uncertainties are also presented. The measured cross-sections for 
the 1-jet, 2-jet and 1+2-jet fiducial regions are: 

o-fid (1 jet) = 5.0 ± 0.5 (stat) ± 1.2 (syst) pb, 

fjfid (2 jet) = 2.2 ± 0.2 (stat) ± 0.5 (syst) pb, 

o-fid (1+2 jet) = 7.1 ± 0.5 (stat) ± 1.4 (syst) pb. 

The results are compared to the NLO predictions of MCFM and POWHEG, and to the 
Alpgen predictions scaled by the NNLO normalization factor for the inclusive W cross- 
section [21]. Both the Alpgen and PoWHEG predictions implement a 4-flavour number 
scheme (4FNS) calculation, while the MCFM prediction, following the calculation described 
in ref. [5], includes terms which use the 5-flavour number scheme (5FNS) to account for the 
presence of 6-quarks in the initial state originating from parton distribution functions. 

The NLO predictions of MCFM and PoWHEG are evaluated using the MSTW2008 [57] 
NLO PDF, and the following dynamic renormalization and factorization scales (/i^ and fip) 
are chosen^: 

2 2 2 , 2 ,, ^ , ^b+PxW , ^-b+PT(J>) 

f^F = fJ'R = + PTi^'^) + 2 + 2 ■ ^ ' 

The PDF uncertainty is calculated with the MSTW2008 eigenvectors using the Hessian 
procedure [57]. The dependence of the result on the choice of scale, which dominates the 

^ In the 5-flavour number scheme, the production of one 6-jet in the final state with an associated hght 
jet can occur. In those cases, one of the two last terms in eqn. 8.1 is omitted. 
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theoretical uncertainty, is evaluated by varying the scale conservatively between a quarter 
and four times the value in equation 8.1, as in ref. [5]. These variations are used to calculate 
an asymmetric uncertainty before applying vetoes on additional jets. The effect of jet vetoes 
is then taken into account following the procedure outlined in ref. [58]. 

To compare the NLO calculations with data, the impact of non-perturbative effects and 
double-parton interactions has to be considered. The MCFM predictions are only available 
at the parton level, while the POWHEG predictions are interfaced with Pythia to model 
the non-perturbative effects of hadronization and the underlying event. A multiplicative 
correction derived from the PoWHEG sample is therefore applied to the MCFM calculation 
to account for these non-perturbative effects. The uncertainty on the hadronization compo- 
nent of this correction is estimated by comparing the Pythia and Herwig parton showers, 
while the uncertainty on the underlying event component is estimated using the alternative 
Perugia2011 [53] tune instead of the AUET2B [59] one. The effect of double-parton inter- 
actions, where a W boson and heavy-flavour jet are produced from different parton-parton 
interactions within the same proton, also has to be considered. Neither the MCFM nor 
the PoWHEG calculations include this contribution, therefore an additive correction derived 
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Figure 7. Measured fiducial cross-sections with the statistical (inner error bar) and statistical 
plus systematic (outer error bar) uncertainties in the electron, muon, and combined electron and 
muon channels. The cross-sections are given in the 1-jet, 2-jet. and 1+2-jet fiducial regions. The 
measurements are compared with NLO predictions calculated with MCFM [5] and corrected for 
hadronization and double-parton interaction (DPI) effects. The yellow bands represent the total 
uncertainty on the prediction. It is obtained by combining in quadrature the uncertainties resulting 
from variations of the renormalization and factorization scales, the PDF set, the DPI model and 
non-perturbative corrections. The NLO prediction from PowHEG interfaced to Pythia, corrected 
for DPI effects, and the prediction from Alpgen interfaced to Herwig and Jimmy and scaled by 
the NNLO inclusive W normalization factor are also shown. 
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Figure 8. Measured differential T/F+6-jets cross-sections with the statistical plus systematic un- 
certainties as a function of •p^^'^'^ in the 1-jet (left) and 2-jet (right) fiducial regions, obtained by 
combining the muon and electron channel results. The measurements are compared to the MCFM 
predictions and to the Alpgen predictions interfaced to Herwig and JiMMY and scaled by the 
NNLO inclusive W normalization factor. The ratios between measured and predicted cross-sections 
are also shown. 



from the Alpgen simulation interfaced to Herwig and JiMMY has beeen applied to both 
calculations. This correction represents a 25% effect on the total cross-section, concen- 
trated in the lowest momentum bins of the 1-jet region. The DPI contribution in Alpgen 
has been shown to agree at the detector level with the ATLAS measurement of (Tefi in the 
Ty+2-jet sample [60]. Based on this measurement, a ^28*^ uncertainty is assigned to the 
DPI correction. The non-perturbative and DPI corrections for the 1-jet and 2-jets regions 
are presented in table 7. The fully corrected MCFM predictions are presented in table 8 
for the 1-jet, 2-jet and 1+2-jet fiducial regions. 
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Table 4. Measured fiducial TF— 6-jcts cross-sections for the combination of the electron and muon 
channels with statistical and systematic uncertainties and breakdown of relative systematic uncer- 
tainties per jet multiplicity, and combined across jet bins. 



Fiducial cross- 


■section [pb] 






1 jet 


2 jet 1 


f 2 jet 




5.0 


2.2 


7.1 


Statistical uncertainty 


0.5 


0.2 


0.5 


Systematic uncertainty 


1.2 


0.5 


1.4 


Breakdown of systematic uncertainty | 


[/cj 


Jet energy scale 


15 


15 


1 

10 


Jet energy resolution 


14 


4 


8 


6-jet efficiency 


6 


4 


5 


c-jet efficiency 


1 


1 





light-jet efficiency 


1 


3 


2 


ISR/FSR 


4 


8 


3 


MC modelling 


8 


4 


6 


Lcpton resolution 


1 


1 





Trigger efficiency 


1 


2 


2 


Lepton efficiency 


1 


2 


1 


Ef'^^ scale 


3 


6 


2 


Ef^^ pile-up 


2 


2 


2 


6-jet template 


3 


5 


4 


c-jct template 


4 


2 


3 


light-jet template 











Multijet template 


2 


2 


2 


Total syst. uncertainty 


24 


23 


20 



-20- 



Table 5. Measured fiducial W^+6-jets cross-section in the 1-jet region with statistical and systematic 
uncertainties and their correlations in bins of p^''''*- 



Fiducial cross- 


■section, 


1 jet 






[GeV] 


[25, 30] 


[30, 40] 


[40, 60] 


[60, 140] 


da/dv^^""^ bb/GeVl 


259 


143 


65 


10.3 


Statistical Uncertainty (%) 


9 


6 


12 


18 


Systematic Uncertainty (%) 


24 


19 


33 


54 


Correlation coefficients of 


1 


0.415 


-0.38 


-0.02 


statistical uncertainties 




1 


-0.01 


-0.17 








1 


-0.14 
1 


Correlation coefficients of 


1 


0.893 


0.740 


0.582 


systematic uncertainties 




1 


0.887 


0.750 








1 


0.875 



Table 6. Measured fiducial H^+6-jets cross-section in the 2-jet region with statistical and systematic 
uncertainties and their correlations in bins of p^^^^. 



Fiducial cross-section, 2 jets 


p'^''' [GeV] 


[25, 30] 


[30, 40] 


[40, 60] 


[60, 140] 


dcj/dp^J"* [nb/GeV] 


73 


58 


38 


9.3 


Statistical Uncertainty (%) 


12 


8 


14 


23 


Systematic Uncertainty (%) 


26 


22 


21 


31 


Correlation coefficients of 


1 


0.585 


-0.45 


-0.08 


statistical uncertainties 




1 


0.069 


-0.29 








1 


-0.20 
1 


Correlation coefficients of 


1 


0.900 


0.550 


0.544 


systematic uncertainties 




1 


0.795 


0.719 








1 


0.775 
1 
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Table 7. Multiplicative correction factors for non-perturbative effects and additive corrections 
for double-parton interactions, derived from the Alpgen simulation, applied to the MCFM and 
POWHEG predictions for the comparisons with unfolded results. The non-perturbative uncertainties 
include the hadronization and underlying event modelling, while the DPI uncertainties are based 
on the ATLAS measurement of acs [60] . 



Correction 


1 jet 


2 jets 


Non-perturbative 


0.92 ±0.02 (had.) ±0.03 (UE) 


0.96 ±0.05 (had.) ±0.03 (UE) 


DPI [pb] 


1.02 ± 0.05 (stat) tojg (syst) 


0.32 ± 0.02 (stat) t^'H (syst) 



Table 8. Theoretical NLO predictions for the W+b-jets fiducial cross-section for one lepton flavour 
calculated with the MCFM program, corrected for non-perturbative effects and DPI contributions. 



MCFM NLO prediction [pb] 



1 jet 


3.01 ± 0.07 (stat) 


+0.72 
-0.54 


(scale) ±0.04 (PDF) ±0.08 (non- 


-pert) 


+0.40 
-0.29 


(DPI) 


2 jets 


1.69 ± 0.06 (stat) 


+0.40 
-0.23 


(scale) ±0.04 (PDF) ±0.08 (non- 


-pert) 


+0.12 
-0.09 


(DPI) 


1+2 jets 


4.70 ±0.09 (stat) 


+0.60 
-0.49 


(scale) ±0.06 (PDF) ±0.16 (non- 


-pert) 


+0.52 
-0.38 


(DPI) 
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9 Results without single-top subtraction 



The W+b-jets cross-section is also measured including the contribution of the single-top 
process. These measurements provide a complementary perspective on the l^/'+fo-tagged-jet 
sample, and they have a higher statistical precision than the single-top subtracted ones, 
especially at high p^^'^^- 

For each analysis region and p^^"^^ bin, the same ML fit as for the T^+6-jets measure- 
ment is used, as well as the same estimates and constraints for the multijet, tt, Z+jets and 
diboson backgrounds. In the fit to the CombNN distribution, the W+b-jets and single-top 
templates are merged accounting for their respective predicted cross-sections, and they form 
a single template whose normalization is estimated. As a consequence of the single-top pro- 
cess being considered as part of the signal, the number of nuisance parameters in the fit is 
reduced, thereby increasing its statistical precision. After the CombNN fit, the number of 
estimated W+b-jets and single-top events is unfolded to a common fiducial region, identical 
to the W+b-iets fiducial region, using correction factors and a response matrix built from 
the sum of the two Monte Carlo samples. 

The systematic uncertainties from the fit and unfolding steps are accounted for using the 
same methods as for the single-top subtracted measurement. An additional uncertainty is 
introduced to account for the relative normalization of Vl^+6-jets and single-top. Alternative 
samples, in which the amounts of W+b-jets and single-top are doubled in turn, are used to 
perform the unfolding. The largest deviation obtained with respect to the nominal result, 
approximately 5%, is then quoted as a separate systematic uncertainty. 

The resulting fiducial cross-sections for W+b-jets plus single-top, combining the elec- 
tron and muon channels, are: 

o-fid (1 jet) = 5.9 ± 0.2 (stat) ± 1.3 (syst) pb, 

CTfid (2 jet) = 3.7 ± 0.1 (stat) ± 0.8 (syst) pb, 

CTfid (1+2 jet) = 9.6 ± 0.2 (stat) ± 1.7 (syst) pb. 

The corresponding expected cross-sections, calculated for the W+b-jets process using 
Alpgen interfaced to Herwig and JiMMY and scaled by the NNLO inclusive W normal- 
ization factor and for the single-top processes using AcerMC interfaced to Pythia and 
scaled to NLO, are 3.6 pb, 3.0 pb and 6.6 pb, respectively. The differential results as a 
function of p^-''^* are presented in figure 9 and tables 9 and 10. 
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Figure 9. Measured diflFerential VF+6-jets cross-section without single-top subtraction as a function 
of pJj^''^* in the 1-jet (left) and 2-jet (right) samples, obtained by combining the electron and muon 
channels. The measurements are compared to the M^+6-jets plus single-top predictions obtained 
using Alpgen interfaced to Herwig and Jimmy and scaled by the NNLO inclusive W normalization 
factor plus AcerMC interfaced to Pythia and scaled to the NLO single-top cross-section. The 
ratios between measured and predicted cross-sections are also shown. 



Table 9. Measured fiducial Ty+6-jets cross-section without single-top subtraction in the 1-jet 
region, with statistical and systematic uncertainties and their correlations in bins of pJj^^'^*. 



Fiducial cross-section of W- 


-6-jets -|- 


single-top, 1 jet 




V%'''' [GeV] 


[25, 30] 


[30, 40] 


[40, 60] 


[60, 140] 


da/dpTJ'* [nb/GeV] 


278 


156 


80 


15.7 


Statistical Uncertainty (%) 


6 


4 


5 


5 


Systematic Uncertainty (%) 


23 


15 


15 


16 


Correlation coefficients of 


1 


0.401 


-0.31 


-0.03 


statistical uncertainties 




1 


0.00 


-0.13 








1 


-0.05 
1 


Correlation coefficients of 


1 


0.840 


0.682 


0.866 


systematic uncertainties 




1 


0.935 


0.875 








1 


0.861 
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Table 10. Measured fiducial W+b-jets cross-section without single-top subtraction in the 2-jet 
region, with statistical and systematic uncertainties and their correlations in bins of Px^*^*- 



Fiducial cross-section of W- 


hb-jets -|- 


single-top, 2 jets 




p^''' [GeV] 


[25, 30] 


[30, 40] 


[40, 60] 


[60, 140] 


da/dp^r^^""^ [nb/GeV] 


88 


73 


56.5 


18.8 


Statistical Uncertainty (%) 


8 


5 


6 


5 


Systematic Uncertainty (%) 


20 


18 


16 


19 


Correlation coefficients of 


1 


0.602 


-0.27 


-0.08 


statistical uncertainties 




1 


0.125 


-0.18 








1 


-0.12 
1 


Correlation coefficients of 


1 


0.905 


0.723 


0.792 


systematic uncertainties 




1 


0.925 


0.940 








1 


0.885 
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10 Conclusions 



A measurement of the cross-section of W boson production in association with 6-jets at 
^/s = 7 TeV is presented, based on data corresponding to an integrated luminosity of 
4.6 fb~^ collected with the ATLAS detector at the LHC. The measurement is performed 
with a single 6-taggcd jet requirement in the VF+l-jet and H^+2-jets samples. M^+6-jets 
yields are estimated separately in the electron and muon decay channel and unfolded to a 
common fiducial region. Good agreement is found between the results in the electron and 
muon channels and combined measurements are provided. 

In the 1-jet region, the measured fiducial cross-section is 5.0ib0.5 (stat)ibl.2 (syst) pb, 
consistent within 1.5o" with NLO predictions. In the 2-jet region, the measured fiducial 
cross-section is 2.2 it 0.2 (stat) it 0.5 (syst) pb, in good agreement with the theoretical 
calculations. As a result, the combined 1+2-jet measurement, yielding a cross-section of 
7.1 ± 0.5 (stat) ± 1.4 (syst) pb, is found to be consistent within 1.5(7 with the MCFM NLO 
prediction, corrected for hadronization and DPI effects, of 4.70 it 0.09 (stat)lQ 4g (scale) it 
0.06 (PDF) ± 0.16 (non-pert) ^oH (DPI) pb. 

A differential cross-section measurement as a function of the leading 6-jet is also 
presented, for jets in the range between 25 GeV and 140 GeV. In the 1-jet fiducial region, 
the measured cross-section is larger than the NLO predictions, but compatible within the 
theoretical and experimental uncertainties. The same measurement in the 2-jet fiducial 
region is found to be in agreement with the theoretical predictions. 

A second set of measurements, including the single-top contribution, is also presented. 
In the 1-jet fiducial region, the measured I^+6-jets plus single-top cross-section is 5.9 it 
0.2 (stat)ibl.3 (syst) pb, while in the 2-jet fiducial region it is 3.7ib0.1 (stat)ib0.8 (syst) pb. 
The combined 1+2-jet fiducial cross-section is measured to be 9.6±0.2 (stat)±1.7 (syst) pb. 
The corresponding 6-jet pT differential cross-sections have significantly reduced uncertain- 
ties with respect to the single-top subtracted measurements and can be compared to com- 
bined single top-quark and W+b-jets calculations in the future. 
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R.W.L. Joncs^i, T.J. Jones'^^ C. Joram^o, P.M. Joige^'^'^^, K.D. Joshi*^ J. Jovicevic^^^, 

T. Jovini3b, X. Jui'^^^ C.A. Jung^^ R.M. Jungst^o, V. Juranck^^s, p. Jussel^i, 

A. Juste Rozas^^ S. Kabana^^ M. Kacii*^^ A. Kaczmarska'^'^, P. Kadlecik^e, M. Kado^^^ 

H. Kagan^°^, M. Kagan^''', E. Kajomovitz^^^ S. Kalinin^'^^ L.V. Kalinovskaya'^'^, 

S. Kama^°, N. Kanayal^^ M. Kaneda^^^, S. Kaneti^^, T. Kanno^^^ V.A. Kantserov''^ 

J. Kanzaki^^, B. Kaplan^^^, A. Kapliy^\ D. Kar^^, M. Karagounis^^ K. Karakostas^°, 

M. KarnevskiyS^^, V. Kartvelishvili'''^ A.N. Karyukhin^^s^ Kashif^'^^, G. Kasieczka^®^, 

R.D. Kass^o^ A. Kastanas^-^, Y. Kataoka^5^ J. Katzy42, V. Kaushik'^, K. Kawagoe^Q, 

T. Kawamoto^^^, G. Kawamura*^, S. Kazama^^^, V.F. Kazanin^"'^, M.Y. Kazarinov^^, 

R. Keeleri69, P.T. Keener^^o^ R. Kehoe^°, M. Keil^^, G.D. Kekelidze^'', J.S. Keller^^s, 

M. Kenyon^^, H. Keoshkerian^ , O. Kepka^^^, N. Kerschen^°, B.P. Kersevan'''^, 

S. Kersten^^s^ K. Kessoku^^s, J. Keung^^^, F. Khalil-zadai\ H. Khandanyan^^^a.ueb^ 

A. Khanov^i^ D. Kharchenko'^'^, A. Khodinov^^ A. Khomich^^^, T.J. Khoo^^, 

G. Khoriauli^^, A. Khoroshilov^'^^, V. Khovanskiy^^ , E. Khramov^"^, J. Khubua^^*^, 

H. Kim^^^'''^^^^ , S.H. Kim^^", N. Kimura^^\ O. Kindl^ B.T. King^^ M. King^^, 
R.S.B. Kingiis^ J. Kirki29, A.E. Kiryunin^^, T. Kishimoto^^, D. Kisielewska^^ 

T. Kitamura6^ T. Kittelmann^^s^ Kiuchi^^o, E. Kladiva^^''^, M. Klein^^, U. Klein^=^, 
K. Kleinknecht^i, M. Klemetti^^, A. Klier^^^ P. Klimek^^^^'i^^b^ Klimentov^s, 
R. Klingenberg^^ J.A. Klinger82, E.B. Klinkby^^. T. Klioutchnikova^o, P.P. Klok^o^, 
S. Klous^o^ E.-E. Kluge^sa^ rj. j^luge^^ P. Kluiti"^ S. Kluth^^ E. Kneringer^i, 

E. B.F.G. Knoops^^ A. Knue^^, B.R. Ko^^^ T. Kobayashi^^^^ M. Kobel-^"^, M. Kocian^''^ 
P. Kodysi27, K. K6neke=^o, A.C. Konigio^, S. KoenigSi, L. Kopke^^ F. Koetsveld^o^, 

P. Koevesarki^i, T. Koffas^^, E. Koffemanl°^ L.A. Kogan^^^, S. Kohlmann^^^ F. Kohn^^, 
Z. Kohout^^e^ rp Kohriki^^ T. Koi^^^ G.M. Kolachev^°^'*, H. Kolanoskil^ 
V. Kolesnikov64, I. Kolctsou^^^, J. Koll^^ A.A. Komar^^, Y. Komoril5^ T. Kondo^s, 
T. Kono^2,r^ ^ J Kononov^^, R. Konoplich^^^'^ N. Konstantinidis^^, R. Kopeliansky^^^^ 
S. Koperny38, A.K. Kopp'^^ K. Korcyl^^, K. Kordas^^^, A. Korn^^ A. Korol^°^ 
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I. Korolkov^^, E.V. Korolkova^^^ , V.A. Korotkov^^^, O. Kortner^^, S. Kortner^^, 

V.V. Kostyukhin^i, S. Kotov^^ V.M. Kotov^^, A. Kotwal'^^ C. Kourkoumelis^ 

V. Kouskoura^^^, A. Koutsman^^^^, R. Kowalewski^^^, T.Z. Kowalski^^, W. Kozanecki^^^, 

A.S. Kozhin^^^, V. Kral^^^, V.A. Kramarenko^''', G. Kramberger'''^, M.W. Krasny'''^, 

A. Krasznahorkay^°^, J.K. Kraus^^, A. Kravchenko^^, S. Kreiss^^^, F. Krejci^^^, 

J. Kretzschmar^^, K. Kreutzfeldt^^, N. Krieger^^, P. Krieger^^^, K. Kroeninger^^, 

H. Kroha^^, J. Kroll^^°, J. Kroseberg^^, J. Krstic^^*^, U. Kruchonak^*^, H. Kriiger^^, 

T. Kruker^^, N. Krumnack^^^ 2.V. KrumshteynS'^, M.K. Kruse''^ T. Kubota^^, 

S. Kuday^'^, S. Kuehn^^, A. Kugel-'^^ T. Kuhl^^ V. Kukhtin^^, Y. Kulchitsky^^, 

S. Kuleshov=^2b^ Kuna^^ J. Kunkle^^o^ ^ Kupco^^s^ jj. Kurashige^^ M. Kurata^^", 

Y.A. Kurochkin^o, V. Kus^^s^ ^.S. Kuwertz^^'^, M. Kuze^^^^, J. Kvita^^^ R. Kwee^^, 

A. La Rosa^^ L. La Rotonda^'^'^'^^b, L. Labarga*^°, S. Lablak^'^^^^, C. Lacasta^^^ 

F. Lacavai32a,i32b^ j Lacey^^, H. Lackcr^^, D. Lacour^^ V.R. Lacuesta^^'^, E. Ladygin^^, 
R. Lafaye^, B. Laforge^^, T. Lagouri^^^, S. Lai^^, E. Laisne^^, L. Lambourne^'^, 

C.L. Lampen^, W. Lampl'^, E. Lancon^^e^ u. Landgraf^^ M.RJ. Landon^^ V.S. Lang^^^^ 
C. Lange''^ A.J. Lankford^^^ F. Lanni^s, K. Lantzsch^o, A. Lanza^^^^, S. Laplace^^ 

C. Lapoire^i, J.F. Laporte^^*^, T. Lari^^*^, A. Larner^^^, M. Lassnig^", P. Laurclli'^''', 
V. Lavorini^'''^'^^'^, W. Lavrijsen^^, P. Laycock''^, O. Le Dortz'^^, E. Lc Guirriec®^, 

E. Le Menedeu^2^ T. LeCompte^, F. Ledroit-GuillonSS, H. Lcc^o^ J.S.H. Lee"^ 
S.C. Lee^s^ L. Leel^^ M. Lefebvre^^^ M. Legendre^^^ F. Legger^^, C. Leggettl^ 

M. Lehmacher2\ G. Lehmann Miotto^°, A.G. Leister^^'^, M.A.L. Leite^^"^, R. Leitner^^''', 

D. Lellouch^^^ B. Lemmer^^, V. Lendermann^Sa, K.J.G. Leney^^^^, T. Lenzl°^ 

G. Lenzen^^^ B. Lenzi^o, K. Leonhardt'^^ S. Leontsinisi^, F. Lepold^^*^, C. Leroy9^ 
J-R. Lessardi'5*^, C.G. Lester^^, CM. Lester^^o^ j Leveque^, D. Levins'^, L.J. Levinson^'''^, 
A. Lewis"^ G.H. Lewis^o^ A.M. Leyko^i, M. Leyton^^ B. Li^^^, B. Li^s, H. Li^^^ 

H. L. Li^i, S. Li33b,t^ X. Z. Liang"8,«, H. Liao=^^, B. Liberti^^^^^, P. Lichard^o, 
K. Lie^ss^ ^^ Liebig^'', C. Limbach^i, A. Limosani^e, M. Limper62, S.C. Linisi.^, 

F. Linde^°5, J.T. Linnemann^^, E. Lipeles^^o^ ^ Lipniacka^^, T.M. Liss^^^, D. Lissauer^^, 
A. Lister^^ A.M. Litke^^^^ D. Liu^^S J.B. Liu^^^, L. Liu^^ M. Liu^^^^ y. Liu^^^, 

M. Livan^^'^^'^^^'", S.S.A. Livermore^^^, A. Lleres^^, J. Llorente Merino^", S.L. Lloyd^^, 

E. Lobodzinska"^^, P. Loch'', W.S. Lockman^^^, T. Loddenkoetter^^, F.K. Loebinger^^, 
A. Loginov^^^, C.W. Loh^^^, T. Lohse^^, K. Lohwasser^^, M. Lokajicek^^s^ 

V.P. Lombardo^, R.E. Long'''\ L. Lopes^^^"", D. Lopez Mateos^''', J. Lorenz^^, 
N. Lorenzo Martinez^i^ M. Losada^^^ P. Loscutoff^^, F. Lo Sterzo^^2a,i32b^ 
M.J. Losty^^^'^'*, X. Lou'^^ A. Loumsi^^ K.F. Loureiroi62^ Love^, P.A. Love^\ 

A. J. Lowei43,g^ p Lu33a^ H.J. Lubatti^^s, C. Lucii32a,i32b^ Lucotte5^ D. Ludwig^^ 
L Ludwig"^®, J. Ludwig*^®, F. Luehring^", W. Lukas^^, L. Luminari^^^a^ g Lund^-'-''', 

B. Lund-Jensen^^^ B. Lundberg™, J. Lundberg^^^a.ueb^ q Lundbergi46a,i46b^ 
J. Lundquist^^, M. Lungwitz^\ D. Lynn^^, E. Lytken^^^ jj. Ma^^, L.L. Ma^^^^ 

G. Maccarrone'^''', A. Macchiolo^'^, B. Macek''''^, J. Machado Miguens^^^*", D. Macina^°, 
R. Mackeprang^'^, R. Madar''^, R.J. Madaras^^, H.J. Maddocks'^\ W.F. Madcr'''^, 
A.K. Madsen^^^, M. Maeno^ T. Maeno^^, p. Mattig^'^^ S. Mattig^^ L. Magnoni^^^, 
E. Magradze^"^, K. Mahboubi'^^ J. Mahlstedtl°^ S. Mahmoud^^^ G. Mahoutl^ 
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C. Maiani^^e^ q Maidantchik^^^, A. Maioi24a,c^ Majewski^s, Y. Makida6^ 

N. Makovec"^ P. Mal^^e^ g Malaescu^^ Pa. Malecki^^, P. Malecki^^, V.P. Maleev^^i, 

F. Malek^s, U. Mallik^^, D. Malon^, C. Malone^^^ S. Maltezos^°, V. Malyshev^^^, 

S. Malyukov^°, J. Mamuzic^^^, A. Manabe^^, L. Mandelli^^^, 1. Mandic'''^, 

R. Mandrysch^^, J. Maneira^^'^'^, A. Manfredini^^, L. Manhaes de Andrade Filho^^*^, 

J. A. Manjarres Ramos-^^^, A. Mann^^, P.M. Manning^^'', A. Manousakis-Katsikakis^, 

B. Mansouliei36^ R. Mantifel^s, A. Mapelli^o, L. Mapelli^o, L. March^s^^ j.p. Marchand^^, 

F. Marchese^^^'^'^^^'', G. Marchiori^^, M. Marcisovsky^^s^ Q p Marino^*^^, 

F. Marroquim^^a^ z. Marshall^", L.F. Marti^'^, S. Marti-Garcia^^^, B. Martin^°, 
B. Martin^^, J.P. Martin'^^, T.A. Martin^^, V.J. Martin^^, B. Martin dit Latour^'^, 
S. Aiartin-Haugh^^'^, H. Martincz^^'^, M. Martinez^^, V. Martinez Outschoorn^''', 

A. C. Martyniuk^*^'^, M. Marx^^, F. Marzano^^^'", A. Marzin^^^ L. Masetti^^ 

T. Mashimo^^^, R. Mashinistov'^'^, J. Masik^^, A.L. Maslennikov^"'^, I. Massa^^'^'^Ob^ 

N. Massol^, P. Mastrandrea^"^^, A. Mastroberardino^'^*'^^'', T. Masubuchi^^^, 

H. Matsunaga^^^ T. Matsushita^^, C. Mattravers^^^-'^, J. Maurer^^, S.J. Maxfield'^^^ 

D. A. Maximov^"'''''*, R. Mazini^^^, M. Mazur^^ L. Mazzaferro^^^^'^^^'', M. Mazzanti^^^, 
J. Mc Donald^s, S.P. Mc Kee^^, A. McCarni^s, R.L. McCarthy^''^ T.G. McCarthy^^, 
N.A. McCubbini29, K.W. McFarlane^e.*, J.A. Mcfayden^^^, G. Mchedlidze^i^^ 

T. Mclauglilan^^ S.J. McMahon^^Q, R.A. McPlicrsoni^s.'^', A. Mcadc^^ J. Mechnichl°^ 
M. Mechtel^^^ M. Medinnis'^^ S. Meehan''^^ R. Meera-Lebbai"\ T. Meguro^^^, 
S. Mehlhase^^, A. Mehta^^, K. Meier^^^, B. Meirose^^, C. Melachrinos3\ 

B. R. Mellado Garcia^^^ F. McloniSS^'^^'^, L. Mendoza Navas^^^, Z. Mengi^i'*", 
A. Mengarelli20^'20b, s. Menke^^, E. Meoni^si^ j^ y^ Mercurio^^ P. Mermod'^^ 
L. Mcrolai"2a,i02b^ q Mcroni^^^, F.S. Mcrritt^i, H. Merritt^o^, A. Messina^^'^, 

J. Metcalfe^s, A.S. Mete^^^^ C. Meyer*^!, C. Meyer^i, J-P. Meyer^^e, j. Mcycr^^^^ 
J. Meyer54, S. MichaF, L. Micu^e^^ r.r Middleton^^a, S. Migas^^ L. Mijovici^e, 

G. Mikenbergi^^ M. Mikestikova^^s^ m. Mikuz^^, D.W. MiUer^i, R.J. Miller^^^ 
W.J. MiUs^s^, G. Mills^^, A. Milov^^^ D.A. Milstead^^^^'^^^b, D. Milstein^^^ 

G. Milutinovic-Dumbelovic^^'", A.A. Minaenko^^^, M. Minano Moya^'^''', LA. Minashvili^^, 
A.I. MincerlO^ B. Mindur^^, M. Mineev^^, Y. Ming^^^ L.M. Mir^^ G. Mirabellii32a^ 
J. Mitrevski^^^, V.A. Mitsou^^^, S. Mitsui*^^, P.S. Miyagawa^^^, J.U. Mjornmark'^^, 
T. Moa^^^^'^^^^, V. Moeller^s, K. Monig^^ N. Moser^^, S. Mohapatra^^^ W. Mohr^^, 
R. Moles- Valls^^''', A. Molfetas^°, J. Monk''"'', E. Monnier^^, J. Montejo Berlingen^^, 

F. Monticelli^°, S. Monzani20'^'20b^ Moore=^, G.F. Moorhead^^^ C. Mora Herrera^^ 
A. Moraes^^, N. Morange^^e^ j Morel^^, G. Morello^'''^'^''''', D. Moreno^\ 

M. Moreno Llacer^'^''', P. Morettini^°'', M. Morgenstern'^'^, M. Morii^''', A.K. Morley^^, 

G. Mornacchi^o, J.D. Morris'^^ L. Morvaj^^S H.G. Moser^^^ jyj Mosidze^^'^, J. Moss^^^, 
R. Mount^''^ E. Mountricha^O'^', S.V. Mouraviev^^'*, E.J.W. Moyse^^ F. Mueller^^^, 

J. Mueller^^^, K. Mueller^^ T.A. Miiller^^, T. Mueller^^ D. Muenstermann^^, 

Y. Munwes^^^, W.J. Murray^^'^, I. Musschc^^^ E. Musto^''^^, A.G. Myagkov^^s^ 

M. Myskai25^ q. Nackenliorst^"^, J. Nadal^^, K. Nagai^^o, R. Nagai^^^ Y. Nagai^^ 

K. Nagano'^^, A. Nagarkar^°^, Y. Nagasaka^^, M. Nagel'^^, A.M. Nairz^^, Y. Nakahama^^, 

K. Nakamura®^, T. Nakamura^^^, I. Nakano^^^, H. Namasivayam^^, G. Nanava^^, 
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A. Napier^'^S R. Narayan^^^, M. Nash'^^''^, T. Nattermann^\ T. Naumann''^, 

G. Navarro^^^ H.A. Neal^^ P.Yu. Nechaeva^-^, T.J. Neep^^ A. Negri^^^^'^^^'^, G. Negrito, 
M. Negrini^o^, S. Nektarijevic'^'', A. Nelson^^s^ ^.K. Nelson^''^^, S. Nemecek^^s^ 

P. Nemethy^°^, A.A. Nepomuceno^^^, M. Nessi^°'^, M.S. Neubauer^^^, M. Neumann^'''^, 

A. Neusiedl^S R.M. Neves^°^, P. Nevski^^, P.M. Newcomer^^o^ p Newman^^, 

D. H. Nguyen", V. Nguyen Thi Hongi36, R.B. Nickerson^^^, R. Nicolaidou^^e, 

B. Nicquevert^'^, F. Niedercorn-'^^^, J. Nielsen^^'', N. Nikiforou^^, A. Nikiforov^^, 
V. Nikolaenko^28^ i Nikolic-Audit^^^ K. Nikolics'^^ K. Nikolopoulos^^^ H. Nilsen^'s, 
P. Nilsson^, Y. Ninomiya^^^ A. Nisati^^^^, R. Nisius^^, T. Nobe^^^, L. Nodulman^, 
M. Nomachi^^^, I. Nomidis^^^, S. Norberg^^^, M. Nordberg^°, J. Novakova^^''', 

M. Nozaki^^, L. Nozka^^^, A.-E. Nuncio-Quiroz^^ G. Nmics Hanningcr*^^, 

T. Nunncmann9^ E. Nursc^^ B.J. O'Brien^^^ D.C. ©'Neil^^^ V. O'Shea^^^ L.B. Oakes9^ 

E. G. Oakham^S'/, H. Oberlack^^ J. Ocariz^^ A. Ochi^e, S. Oda^^, S. Odaka6^ J. Odier^^ 

H. Ogren^o, A. Oh^s, S.H. Oh'^^ C.C. Ohm^o, T. Ohshima^oi, W. Okamurall^ 
H. Okawa^s, Y. Okumura3\ T. Okuyama^^^ A. Olariu^^a, A.G. Olchevski^^, 

S.A. Olivares Pino^^, M. 01iveira^24a,i^ p. Oliveira Damazio^^, E. Oliver Garcia^^'^, 

D. Olivitoi20, A. 01szewski39, J. Olszowska^^ A. Onofrei^^a.aa^ P.U.E. Onyisi^i'"^ 

C. J. OramisS'^, M.J. Oreglia^i, Y. Oren^^^ D. Orestanoi34a,i34b^ ^ Orlando72a,72b^ 

C. Oropcza Barrcra^-l R.S. Orr^^l B. Osculati^o^'^o^, R. Ospanov^^o, C. Osunal^ 

G. Otero y Garzon^'^, J.P. Ottersbachl°^ M. Ouchrifi^^^i, E.A. Ouellette^^^ 

F. Ould-Saada^i^, A. Ouraou^^^ Q. Ouyang^^^^, A. Ovcharova^^ M. Owen^^ S. Owen^^g^ 
V.E. Ozcan^^^, N. Ozturk^, A. Pachcco Pages^^, C. Padilla Aranda^^, S. Pagan Griso^^, 

E. Paganis^^g^ q pahp, F. Paige^^, P. Pais^^, K. Pajchel^^^ G. Palacinoi^^b^ 
CP. Paleari^ S. Palestini^o, D. Pallin3^ A. Palma^^^a^ j.d. Palmeri^, Y.B. Pan^^^ 

E. Panagiotopoulou^'^, J.G. Panduro Vazquez^^, P. Pani^*^^, N. Panikashvili^^, 

S. Panitkin^s, D. Pantea^^a, A. Papadelis^^^^, Th.D. Papadopoulou^^, A. Paramonov^, 

D. Paredes Hernandez^^, W. Park^^-nc^ ma. Parker^^, F. Parodi^^^'™'', J.A. Parsons^^ 
U. Parzefall"'^, S. Pashapour^^, E. Pasqualucci^^^'', S. Passaggio^^^, A. Passeri^^^*, 

F. Pastorei34a,i34b,*^ p^. Pastore^^ G. Pasztor''^''^'^, S. Pataraia^'^^ N.D. Patel^^^, 
J.R. Pater^^^ S. Patricellii02a,i02b^ rj. p^uiySO^ Pearce^^^ S. Pedraza Lopez^^'^, 

M.I. Pedraza Morales^^^, S.V. Peleganchuk^^^, D. Pelikan^^^^ jj Peng^^b^ B. Penning^i, 

A. Penson^^, J. PenwelP, M. Perantoni^^^, K. Perez^^'"^ T. Perez Cavalcanti^^, 

E. Perez Codina^^^^, M.T. Perez Garcia-Estafi^^'^, V. Perez Reale^^ L. Perini^'^^'^^'', 

H. Perneggcr"^", R. Perrino^^^, P. Perrodo^, V.D. Peshekhonov^^, K. Peter s^'^, 

B. A. Pctcrscn^o, J. Petersen^o, T.C. Petersen^^, E. Petit^, A. Petridis^s^, C. Petridou^^^, 
E. Pctroloi32a^ p. Petruccii34a,i34b^ p) Petschull^^ M. Petteni^^^ R. Pezoa^^b, A. Phan^^ 
P.W. Phillips^^g^ q Piacquadio^o, A. Picazio^^ E. Piccaro^^ M. Piccinini20a'20b^ 

S.M. Piec^2^ Piegaia^'^, D.T. Pignotti^o^, J.E. Pilcher^^ A.D. Pilkington82 , 

J. Pinai24a,c^ M Pinamonti^^^^'i^^^'"-'', A. Pinder^^^ J.L. Pinfold^^, A. PingeF, 

B. Pintoi24a^ Q p-2io8ga,8gb^ Pleier^s, V. Pleskot^^?^ g Plotnikova^^, 

P. Plucinskii''6a,i46b^ Poblaguev^^ S. Poddar5S% F. Podlyskr'^^, R. Pocttgcn*^\ 

L. Poggioli"^ D. Pohpi, M. Pohl'^^ G. Polesello^i^^, A. Policicchio^'^^'^^b^ R. Polifka^^^, 

A. Polini^°^, J. PoU'''^, V. Polychronakos^^, D. Pomeroy^^, K. Pommes^", 
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L. Pontecorvo^^^'', B.G. Pope*^^, G.A. Popeneciu^'^'', D.S. Popovic^^'^, A. Poppleton^^, 

X. Portell Bueso^o, G.E. Pospelov^^ S. Pospisil^^e^ j Potrap^^ C.J. Potter^''^ 

C.T. Potter^i^, G. Poulard^o, J. Poveda™, V. Pozdnyakov^^, R. Prabhu'^^, P. Pralavorio^^ 

A. Pranko^^, S. Prasad^°, R. Pravahan^^, S. PrelF, K. Pretzl^'^, D. Price^°, J. Price^^, 

L.E. Price^, D. Prieur^^^, M. Primavera'''^'*, K. Prokofiev^°^, F. Prokoshin^^b^ 

S. Protopopescu^^, J. Proudfoot^, X. Prudent M. Przybycien^^, H. Przysiezniak^, 

S. Psoroulas^i, E. Ptacck^i'', E. Pucschel^"^, D. Puldoni'^^, J. Purdham^^ M. Purohit^S-^c, 

P. Puzo"^ Y. Pylypchenko62, J. Qian^^ A. Quadt^"^, D.R. Quarrie^^ W.B. Quayle^^^ 

M. Raas^o^, V. Radeka^^, V. Radescu^^^ P. RadloS^^"^, F. Ragusa^^^'^^'', G. Rahall^^ 

A.M. Rahimi^°^, D. Rahm^^, S. Rajagopalan^^, M. Rammensee^^, M. Rammes^^^, 

A.S. Randlc-Condc^'^, K. Randrianarivony^^, C. Rangel-Smith'''^, K. Rao^^"^, 

F. Rauschcr'^^ T.C. Ravc'^l M. Raymond''^o, A.L. Read"^ D.M. Rebuzzi^is^'ii^^, 

A. Redelbach^'^"', G. Rcdlinger^^, R. Rcccc^^^, K. Reeves'^^ A. Reinsch^^*^, I. Reisinger^^, 
M. Relichi63^ c. Rembser^o, Z.L. Ren^^i, A. Renaud^l^ M. Rescignoi32a^ ResconiS^'^, 

B. Resende^^^, P. Reznicek^^, R. Rezvani^^^, R. Richter^^, E. Richter-Was^'"^, M. RideP, 
P. Rieck^e, M. Rijssenbeek^^s^ a. Rimoldi^i^^'ii^^, L. Rinaldi^o^, R.R. Rios^'o, E. Ritsch^i, 
I. Rmi2, G. Rivoltella89'^'89b^ p. Rizatdinova^^^ E. Rizvi^^, S.H. Robertson's. 

A. Robichaud-Veronneau^^', D. Robinson^', J.E.M. Robinson'^, A. Robson^^, 

J.G. Rocha de Lima^o^ C. Rodai22a,i22b^ p ^ioda Dos Santos^o, A. Roe^^, S. Roe^o, 

0. R0hne^^\ S. Rolliif^\ A. Romaniouk^e, M. Romano^^^'^ot^, G. Romeo^'^, 

E. Romero Adam^^^, N. Rompotis^^', L. Roos^', E. Ros^^^, S. Rosati^^^^, K. Rosbach^'^, 

A. Rose^^'^, M. Rose'^^, G.A. Rosenbaumi^', P.L. Rosendahl^^, O. Rosenthal^''^ 

L. Rosselet^^ V. Rossetti^^^ E. Rossii32a,i32b^ l.P. Rossi^^'', M. Rotaru^^^^, I. Roth^^^ 

J. Rothberg^^', D. Rousseau^^^, C.R. Royon^^^, A. Rozanov'^, Y. Rozen^^^^ 

X. Ruan^sa-"'^, F. Rubbo^^ I. Rubinskiy-^^ N. Ruckstuhl^o^^ V.I. Rud^^ C. Rudolph^^, 

M.S. Rudolph^ss, F. Riihr''', A. Ruiz-Martinez^^, L. Rumyantsev^^, Z. Rurikova^', 

N.A. Rusakovich^^, A. Ruschke*^', J. P. Rutherfoord^, N. Ruthmann^', P. Ruzicka^^^, 

Y.F. Ryabov^^i, M. Rybar^^^, G. Rybkin^i^, N.C. Ryder^i', A.F. Saavedra^^o, 

1. Sadeh^ss^ H.F-W. Sadrozinski^^T^ ^ Sadykov^^, F. Safai Tehranii32a^ SakamotolS^ 

G. Salamanna^^ A. Salamon^^Sa^ Saleemi^\ D. Salek^", D. Salihagic^^, A. Salnikov^^^ 
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